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Introduction /853* 

Glucose esccdiange in the vertebrate brain, the principal route for aerobic en- 
ergy yield, is linked vdth the maintenance of stable concentrations of neurally ef- 
fective amino acids (cyclic amino acids, glutamate, glutamine, eispartate, ganna- 
aminobutyrate°GABA [1-3 among others] } . Through the incorporation of these amino 
acids into peptide chains there is a constant transfer of glucose-C to the protein 
fraction. This is an essential detail of cerebral protein homoeostasis [1,4, 5, 6]. 

The quantity and quality of glucose mo v ement within the metabolic sequence 
gluoosep ^^^^ -*• qltoos ^_^^^ -» glycolysis -► tricarboxylic acid cycle -► amino acids -► 
protein deviate tinder the influenoe of the most varying factors, among others due to 
changes in the excitation state of the central nervous system because of environment- 
al conditions [7,8,9]. Specialized neural functions, such as the neuroendocrine me- 
tabolism pxx»8ses in the hypothalanus, are also reflected graduedly in changes of 
the glucose, amino acid and protein metabolism [10-13] . 

Within the frameMork of R. Baumann's basic concept in regard to the etiologic- /854 
ed significance of psychpptysical and socio- or psychoemotional factors in the ap- 
pearance of defective regulation in the circulatory system and carbdrydrate-lipid 
metabolian [14,15] there have been investigations of the effect on an animal model 
of mdronm^tal stress conditions carried out in this Institute in recent yeaxa* 

In this connection an interest was shown in characterizing the central nervous con- 
dition of the test animals by the degree of deviation of glucxise exchange along the 
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above mantionad flux route in integratlvely as viell as autcxmiioally active brain re- 
gions. 


Materials and Methodology 

Male Wistar rats %iel^^iing 150-200 g were shut up for several hours and several 
times a day in anall boxes, vdth a stochastic alternation of rest periods, and thus 
oqposed to co n s i d er abl e stress. The eoqperiment vas carried out in the division for 
Ei^erimental Neuroses and Bdiavior Research of the Institute (16] . Animals were re- 
moved from the iimobilization p rogr a m at various times and given a shot injection in 
a caud 2 d vein of 50 pCi[lH^^C]-D-gluco8e/100 g body wt and 20 |iCi(^^^I] semn albu- 
min as blood maricer. 5.5 min later the animal was killed by heat coagulation of the 
brain with microwaves (eiqx>sure time in Iff field 3 sec, rise in brain ten|)erature ab 
16*C/s; for e^iparatus and methodology see [17] ) . Following decapitation blood sam- 
ples were taken from the throat vessels , the brain was then totally removed 
from the skull and pr^ared, carefully freed of attached vessels and coagula, bi- 
sected sagitally and dissected under magnification (diagram Fig. 1) . Further treat- 
ment of the brain tissue was carried out as 
follows: Weighing (wei^ts in Table 1) , ho- 
mogenization in 5 parts 0.5 N perchloric a- 
cid (wt./vol.), meetsurement of radio- 
activity by crystal diffraction and determin- 

14 

ation of content and C radioactivity of /855 
the involved metabolites following combined 
diromatograph-enzymatic chemical isolation 
procedures (for methodology see [3,18], 
suitable only for small sample quantities) . 

Table 1. Weight of brain sanples studied from 48 brains) 

Nr.* : 1 | 

lb !•: i, ' 

1 • . '..t l i : > 

C I ' n ! -‘5' I Iv U S |i'f< ! J ? 

■| V*! > H 



Fig. 1. Diagram of rat brain dis- 
section: C.a. - oonmissura anterior; 
Ch.o. - diiaaiB opticum; C.n. - 
corpus mamillare 
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Key. a. Bcaln region 

b. Frontal pole >dth rennanta of 
lobus olf e»toriu8 

c. parietal oorteK 

d. men a e n oephalon 

e. oerdaellum (grey antter) 

f. and 

^Numerical symbols as in Figure 1 

The individual amino acids vete s^mrated from extracts of 3 combined regional 
SdO|>les, the precipitated proteins purified [17] and dissolved in beta-phet^lett^la- 
mine and the activity measured in the FPOtoluene scintillator. 

Detaanination of the DNS content vias made with OV ^aec t ropho tc metry [19] 

The theoretical bases for quantification of the glucose flux have Ww*" de- 
scribed [3]. 

Adhering, even in the state of stress with normal course [18] of identical ki- 
netic patterns, to the stipulation of: 1. the elimination of fxon the 

14 

plasma and 2. the aocuttulation of the glucose C in the amino acid pool, the in- 
oorpor at ed amounts of gluoose-C were eq^proximated over 

14 -1 

nCi C in totel amino aicids • g regiorad brain tissue edter 5.5 min 
nCi • yMol ^ plasma gluooee adter 5 min 

The time difference of 0.5 min oorrected against the flux time of the popula- 
tions from the plasma to the bradn amino acids* In individual experiments with rats 
3 weeks after stress had begun, an identical radioactivity time integrad was calcula- 
ted from initial levels and elimination patterns of the ^^C-gluoose in the 
that were the same as the control values and thus there was evidence of the a^lica- 
bility of the above stipulations. 

Results 

Regional Metabolite Levels and Glucose Flux Rates in Initiad State 
The regioned pattern of the pertinent hydrocazticn and N metabolites can be found 
in Table 2 together with data for DNS and blood oontent. Glucose content %<as relat- 
ively large in the parietal cortex and aialler in the di- and meseno^shalic struc- 
tures and in the pons and medulla. Glycogen variation was fairly opposed to this 
with relatively high amounts in the seboorticad regions. Lactate showed no real re- 
gional differences. Total amino-N oontent was greater in the cortex and frontal pole 
than in the suboortex, where extremely small values were measured in the pons and me- 


3 



nbit 2. NMiboliti oontnt ia wiam xm^am of nt Imin 
U Ml/q sagionBl tlMua (initiil valuMt) 
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Tabla 3. Flux rates of gluaoe e C in mino a^de for various brain rogions 
miciogran atom C • g min*^ (initial values) 
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dolla. GLutasaite co nt e nt vas rslativaly hlg^ in the oortex and frontal pole and r»> 
lativaly low in the pons and medulla, idiils GMA in the bypothalanas «as a factor 2 
higher than in the gr^ nattier of the parietal oortex and Apart fron a 

oonoentration in the oortex, a^artate idiowsd no regional differences in contrast to 
glutamine with highest values in the oor t e x and thalamus and lowest in the 
phelon, cerribellum and pons and mtdulla. 

After 5 minutes the radioactivity in the total amino acid pool, minus that of 
the alanine ~ subtraction of enpirically a v er a ged 101 of the co n te nt [18] — 
praotioeUy eqMalled the degree of merking of the cyclic amino acids. Table 3 gives 
approximated flux rates of in total fraction and cyelic-M-mstabolites. 

60-70% of the radioactivity was found in the regional glutamate, 10-16% in the gluta- 
mine and also 10-18% in the aspartate. Participation of the GABA shunt route in 
^glucose ^ cyclic amino acids was 10% in the frontal pole, 9% in the parietal 
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7ag^ in Hypcki/icctf 


oortax, 11% 1a the thalanue^ 11% in the 
hypothalaouB/ 12% in the mesenoephalon/ 
11% in the cerdaellun and 10% in the 
pons and medulla. 

onel Brain Metaboliam in the 


Metabolite Level 


In vim of the large tune a creen 
a nultiphase procees vne recognizable. 

1st wa^ of hypokinesis: follow -/857 
ing 2 several-hour periods of imebili- 
zation there was already a reduction of 
capillary volumes in the brain areas 

fig. 2. Blood volu», gluoo« «>d l<iotate 1« !»«»“ «««* <rig. 

co n t en t in regions of rat bredn during 2) t only in the hypothalanus was there 

long^ rtres. au. to hypddnesl^ As In . aij,t,uon of the course of 

the following figures, selected brain re- uxjamuui wj. uh wuiuk ui 

gions: circle > parie^ cortex, thalanus; circulation. In this region too there 

dot - hypothalanus; triangle - mesenoephal- . . ^ oluoose level aocoro- 

on; square - pons and iwduUa ® glucose level aoccro- 

Key: a - blood volune panied only in the thalanus and mesen- 

c - l^^te Ci^tAialon by a moderate unidirectional 

d - glucose nov anent. There was a significant rise 

e - days in hypokinesis ^ regional total andno-N content (Pig. 

3) . At the earliest moment of neasurenent (after 1 week of stress) there was a reduc- 
tion in total fractions and individual amino acids (except glutamate in the hypothal- 
anus) . 

3rd week of hypokinesis: Nothing special about regional glucose and lactate 
content. Movements of the cyclic amino acids varied: an c^xdous increase of gluta- 
mate and GABA in the hypothalanus with sixiultaneous decrease of glutamate in the me- 
sencephalon and pons and medulla, as well as a relatively high rise of glutamine in 
the thalanus. 

From wedcs 4 to 14: regional levels of glutamate, aspartate and GAEiA appeared 
to establish themselves, whereas glutamine stopped at a level lower than the initiel 
value. For glyoogen only around the third wedc of stress was there a determination 
in all regions of an increase amounting to about 12-20% of the initial value. 
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Ihi rindon MBiillng p»ttm> #*oms imbc1~ ^^8 
m oi thi PgiuooM fbllONiiig diy i of 
liwnWIiMtlop (Hg. 4 ) . UnitlBlly tbm tmo 
bdc gluooM flsoBhango zooo abovo tho initial 


1.5» oortaac 1.3, ■wamoirhaloft 1.3 and pont 
and mwdulla 1.1. At tlia aaoond flxsc paak tha 
2.2 hiypotinlaniii factor is likaifias largast, 
fblliowad by tialnua 1.9 and pmo rwrinlla 1.7, 
ma a encBiihal o n 1.6 and oortax 1.5 (oaraballaw 
and frontal pOln aach b a twaa n 1.5 and 1.6). 
Pig. 5 d a n o natra taa tlia fine diange g in tin 
GABA afaunt louta. In all xaglcna ttm sub- 
strata OBxbanga in this bypath of tha tricar* 
boo^lic acid cycia alcaid^ want ^p aftar tin 
first waek of strasa in tin oor t a x and pens 
and wadnlla but notably lata in tin bypoti)*~ 


Fig. 3. Change in total anino-N and 
Qclie anino acids co n t e n t in regions 
of rat brain during hypokinasis 
Key: b - tissue 
a - days 

f - xaaks in bypokinasis 
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Inoorporaticn of Mariced Gluoosa in Glyooqan /B 59 
Pig. 6 presents tin ooursa of tin proce ss 
for an i n corpor a tion perici of 5.5 ndn by 
means of tin quotient 
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C to glyoog .*9 ragion.brain ties. 


Tl rr 

C*pNol brain glucose 


A general decrease after stress di^ 
2 eas followed fay a stimulation of 
tin inoorporation rata with a asod- 

1 and 3. 


fig. 4. Flux rates of glucose C in total amino 
acids during tvpokinasis 
Kay: b - tissue 

a - days 

f - weeks in bypokinasis 


Inoorporation of Glu ooee C^^C l in 
pix^Sin " ^ 

As a working criterion one any 
uee the quotient 
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C in prot tins 
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C in total andno acids 
for aatch gram of toginal brain tissue and an in- 
corporation time of 5.5 min* hectically /860 


speaking/ only the utilisation of C^ ,,^-,r^“ flux 


Fig. 5. Flux of gluoose-C in GkBk 
shunt route as % of flux of tri- 
carixocyllc acid cycle (oalculatad 
to include theoretical deoa r faoD y l- 
ation rates) 

Key: f - >neks in l^pokinesis 
g - shunt route 


marked andno acids for protein synthesis %ms 
involved (alanine/ aspartate and glutamate (1/ 
20) ) . The selected inoorpor a tion time lay with- 
in the area of the linear increase of protein 
marking (21/22) . The symbols in ^ initial 
state — serO point in time in Fig. 7 — indic- 


ate/ under normal conditions of animal b^vavioT/ 
a transfer of gluoose-^^C / in po c p ort io n al a- 
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Fig. 6. Incorpor a tion of [ C) -glucose in glycogen 
in the course of hypokinesis 
Key: e - days 

f - wedcs in hypokinesis 


mounts that are regionally about the same/ from 
the amino acid fractions to the 
protein fractions. Following 
day 1 of hypokinasls protein mark- 
ing went down to ca. 50% and aft- 
er day 2 it reached a minimum of 
about 20% of the relative marking 
degree. This determination was 
likewise made during the on e w eek 
^x>t check without more pronounced 
regional differences. During the 
period of stress wades 2-3 the in- 
corporation rate was higher: for 
thalamus and hypothalami it was 
about 5 tines greater and about 3 


tines for the renaixdng areas. The persistent activation in the hypothalamus and the 
pons and nedulla was notable (only sli^t reduction of the quotient in the course of 
stress week 6) . 


Discussion 


When oompared with cold fixation (23-25) $ the regionally arrested metabolite con- 
tent following ra^ld heating of the rat brain via heat coagulation of the enzyme pro- 
teins seems to give the earliest picture of the native condition. The lactate level/ 
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Fig. 7. Pzobein lyRthMii firan cyelio 
anlno adds during hiypokiMsls 
Kty: • - diV* 

f - wMk8 in tvpokinMis 



Pig. 8. Rslationihip b s tiiwn rsglonsl 
onpillsTy voUns (blood aontMt, ocdin- 
ats) and aorobie gluooaa aac han g a (ab- 
tr1^> initially. Gluooaa aDcch a nga oal- 
oulatad to ineluda thaocatioal daoa rt x^- 
xylation rataa. Mafaars oamapond to 
brain lagiona as in Pig. 1 and TSbla 1. 

Kay: b <• brain tisaua 


n posfc ■DrtM MiferiboUfi drlbbtof 
ooo u trad in all brain aiaas at tiia laval of 
tiia "fraaaa atop” aalxaa. (26,27 ] , aa hifipani 
in tlis aousa tandn mdkm opdaal gaonatriB 
awpling and app a r a tus oonditioni [28] • 8pa- 
findings on glaoooa dafloit not 
baar out a pravioualy rtaarrlbad rntmommA 
in pllvlognatio youngar portions of tbs 
brain (dog brain [28] praainabTa an artdfaet 
duo to layar oooling of brain tisaua |29]]. 

Ilia ragifinal p a ttam of tha ^elio aadno a- 
dds is in aooor d uith ttm knoan l i tor a t u ta 
data (30-33). 

Tha fspillary uoli— a dotarndnod by /861 
tbm iaotopa laothod boar tha following rala- 
tionrtiip to othar vaaanlar and droulatory 
poranatarax 1. a ragional variation froai 
fim histanatrioolly noaautad capillaiy langth 
(34] and 2. a statistical ly signifioant 
lationahip with blood parfOaion in ooaparabla 
or idantioal brain araas (ragional valua 
of blood flow (35] ; oorralation ooaffi- 
eisnt for 7 araas r ■ 0.84) ; i.a. tha oar 
pillary voluaoa ara rapraaantatiua of tha 
droulatory activa capillary cross aoction. 

Narking of tiio aadno acids is a quan- 
titativa woaaiuwBant of tha antry of glu- 
ooaa C into tha tricaitaosylic acid cycia 
leas tha lo a sa a through metabolic dac a tb- 
OBvlation. Now tha atatiatical oBip a ri aon 
of vaacularisation and gluooaa awcha n g a in 
Pig. 8 indioatoa a narrow oovariation of 
ifv^i Mippiy and aacohic ■vtabolic 
activity and affina on basis of di- 
ract flux data a parallali— b e toaaa n ra- 
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(triHqM «nd 
(aqouv) vift qfdic Mdno 
Into pcoti^ Warn vaima of 



Uft m • dqrs in tvpoklMoin 


tlOB «d Iwadn tmUbmiaa (37). 

A nntaMn poiab in tlin Inoongnmoo /K2 
of ragioMd ItaDOM MKlingi oiU 
thioknoM (HB oowfife (3t))t tlii cat^ms/ 
owotMllui ralntlonBiip far tht nii? 
in ltO.8 aid far ttoo 1MB oontoait tl» ntio 

of fairly oqunl onU thidOMM diffoBid fay 
a factor of 1.8 (ocapariaan oartactl«podaI- 


■na) • llara aaa no data in tiia litKatuBa on tte o oa parl n nn of aapobic gliiooaa aoe- 
dangpaa in individual brain araaa. 

Jtmg tfaa lagiaBal aatabolita lavala atuAlad only glut— fa bora a diraet valar 
tiOMllip to tot lOOtlly 9 IUOOM flux ( 9 lUtflMte go u t w itt fl w of 9 lUOO 0 ^^ 

to glut— ita in 7 brain ragiona, oorralatton ooaffieiant r aO.Bl) . Ihia kind of laval 
bdandor ia aaqpLdMd by tha ftaietion of tilin'^ adno aoid aa tha {riaary oollaetian b^ 
ain for influx of 60-701 of tha glucoaa C inoarporatad in tha adno add pool, lha 
a u ba tra t a flux in tha GMA Maait vaa 5-10% of tha aochaiga in tha trloaitxxcylic add 
qpela (aa ia alao tha oaaa for tha total nouaa brain (39«40)) and uaa not largp in 
tha bypothal—ia ragian with a high G%aA laval. 

On Urn wlda maahad randan aayling actant of ttn atxaaa aaqpnri a an ta tinra aaa no- 
tad a biphaaic oouraa takan by natafaolic aantta. initial atinulation of aarobie gli^ 
ooaa aartnn g a at tin outaat of tin long ta tn atraoa pndod fhllnwail a oouraa in haneny 
with a dacraaaa in oipillaxy vdu— diiaotad at ai f nt ra tui aurplua d— nd and thia la- 
aultad in ftantional taypcxcit toe nwt (uU^iltoui lictito ixocoooo) a Thi 

aaaipad laaaan far didnuticn of vaaal volwn in vaaooonatriotian via a xtra o at a b ral an- 
ebanian. Ihia viaw ia favorad by tin nabUiaation of tha r«tii»-angiotanoin qatna by 
atlmlatinn of brain atxuoturaa (41-43) aa waU aa during atiaaa (44,58-60) and tha 






to this ****?"*1 


«BMt MBiitivitar of tta tania bmioIo 

log ttai £int otnao dqpo Umbo m» m xim of <^l«cao> cop— b in thi ttil— » wfl 
l^relfiOlBrly In tho lrooHMl—i» oImboob 1b tl» iImho it mm oanotHt. fhlo Bogion- 
ally otLoctlvo Imrqbo onciMoilotion em tao MylniiMrt only ty n looil aodMtlOB oC tte 
^Ibdooo UfiiMport plOMM •*> troin tiam or by a ooBBMyondUngr Ibobbobo in tto diabci- 
botien oBoa tor glBOoaa in tha brain tlaaoa (Inbeanallnlar apoMailatlflB Uda 

finding, InbaBoating In BMpaot to tha atlwlatiaB or duraaalon of glnanaa aciMltlta 
iMuren a In tha bgpnthila— 14g-4f] ad affaetlng tha notritlonal bohavlor of tha 
toot aniMla «aa not aqpplMHntad In tha pBoaMib aqpori—iral arli by «y lyaela?. 
atndlaa. m tiM ooiiraa of attaaa BagLonal aiamlar aoluaoa InoBMMod, aoat of all In 
tia hUpoHMlMiM (Vaotor 2) , laaa ao In tharoartw. in vlaa of tia p ro tt ac ia d p«lod 
tha agilamHon ia not ftand In naaodUatatioB bat In oivillaiy BMplaai (aa In oon- 
tln pona 0^ dafldt C50] or haatlonal loading of brain araa (51,52]). 

lha aaaond aairiMa for ghaoaa aatahnUai with gMMrally higher flat rataa mm 
laachad aBOund atraaa vaak 3. At thla f t pnral point thara aaa a diatlnot Inci’aaaa In 
tha ttbiliaation of cyelio «dno aolda for pcctain aynthaaia. Taating for hi^nr Mraa 
activity tixoagb oonditlonad raflac dataaa natiioda In parallal aapari a a nta a h oia J a 
diatinet in^rovaant in tha toot aninala* dhility to fhnetlan. (16). Ihia agraaa atri- 
Idng^aith tta aataMlahad aaaoelation batoiaai wBBcry fwctlon and protaln aynttMola 
153-55}. 

lha ohaip laduotion Oi gluooaa C InooKporation in paotain hiring atraaa watt 1 
oaMM alspiifioMit. Mi any aaoMBo that tha ufaiqultoiia d o fftaa o a of ovelle Mdno acili 
in tta brain, proaiBMbly a mavtom of tiaana hypaada (aoa (56]) , ia cauaad by a d^ 
CBoaaa of gXnooaa fliac to a pBoomor ocatportaant of protain o a p atha a ia In favor of a 
riaa in tta oaydatlva tianafar in tho "anorgy oycla" ( ocatiart— it a l \ «t lon of oarttral 
intawadlaty natahollan (57)). fOr acra apo ii r a ta char actartaatlon wa oond u c t ad addi -/B64 
tional aBqpoBinanta to atialy, during tta critioal atraaa phoaa, tta i n oorpor at lon of 
laetata-^C and bloozfaonata-^^ ficon tha plasm into tha brain icotoina via tta oko- 
hrm\ minO f yH pool (XipraMntlll9 ttio of 75 pCi (D-^^:]-D-laeteta or 

150 pd (^^OHbioarbonata par rat, otharwlaa aa daacrlhad for gluooaa) . Tho norfcod 
oa r bcn of both pracuraura tppa ar a lihawlaa only in tha cyolie aadno adda. Pig. 9 pr^ 
aaiMa tta p rao u raor-a u ba tra t a Balationolilpa. xn ocntr aat to gluooaa at a carriar, 

dlB GOlIKVV CSr mAIvCAW flHD UmBkuOQBQB MMtCZwOHDQOI %mB wSK^CSBJL 

ary tranafac by a >2 fixation — doaa not doviata aaantially fBon tha initial valua. 

Xhoorporatlon of oyolle adno aeidB into protaina waa t no dannaBasI in a praeor- 

aor pool fad by gluooaa flUK. Thia oonfima tha taypottaaia of varioua aadno acid oaaK 
partaanta with varying activity p a ttam a daring a tr aaa. 
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